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1.  Introduction 


An  important  aspect  of  the  formulation  of  any  scientific  process  is  the 
definition  of  the  mathematical  framework  within  which  that  process  is  considered. 
This  mathematical  basis  defines  the  limitations  of  the  process,  provides  the  means 
for  conducting  analyses,  and  helps  ensure  uniformity  and  consistency  of  results.  It 
is  quite  common  for  analytical  processes  to  evolve  over  a  long  period  of  time 
before  the  underlying  mathematics  is  fully  understood  and  illuminated.  This  is 
the  case  with  Vulnerability /Lethality  (V/L)  analysis,  long  considered  more  an  art 
than  a  science.  In  recent  years,  advances  have  been  made  in  the  rigorous 
mathematical  treatment  of  certain  areas  of  V/L  analysis.^  In  this  report,  the  uni¬ 
fying  mathematical  framework  for  all  V/L  analysis  is  defined,  demonstrating  how 
each  part  of  a  well-known  process  fits  into  this  framework,  and  illustrating  the 
framework’s  growth  potential.  The  Degraded  States  Vulnerability  Methodology 
(DSVM)  will  be  shown  to  provide  an  important  example  of  the  rigor  with  which 
one  part  of  a  vulnerability  analysis  may  be  conducted,  specifically,  the  formula¬ 
tion  of  target  capability  measures  from  the  damaged  state. 


II.  Background 

Traditionally,  the  V/L  analysis  process  has  been  that  of  inferring  some  loss 
of  effectiveness,  or  combat  utility,  from  damage  inflicted  by  a  munition  on  a  com¬ 
bat  system.  The  association  of  remaining  utility  with  damage  has  been  accom¬ 
plished  by  a  wide  variety  of  means,  from  intuitive  inference  to  empirical  correla¬ 
tions  to  Monte  Carlo  simulations  on  computers.  Among  the  numerous  difficulties 
with  this  process  is  defining  “effectiveness”  or  “utility,”  since  these  terms  tend  to 
be  related  to  particular  mission  or  combat  scenarios.  Conclaves  of  experts  in  mili¬ 
tary  science  have  been  convened  for  the  purpose  of  providing  estimates  of  utility, 
generally  expressed  as  a  percentage,  given  the  loss  of  certain  combinations  of  com¬ 
ponents  or  subsystems  on  a  particular  vehicle.'^  Such  estimates,  or  Damage 
Assessment  Lists  (DALs),  use  intuitive  inference  to  link  component  damage  to  loss 
of  combat  utility.  These  estimates  represent  a  kind  of  average  over  all  possible 
missions  for  the  vehicle,  and  are  therefore  devoid  of  detail  about  specific  system 
capabilities.  The  most  common  interpretation  of  these  estimates  (an  incorrect  one, 
as  emphasized  by  Starks'*)  is  as  a  probability  of  complete  “kill,”  in  either  mobil¬ 
ity  or  firepower  or  both. 

The  Ballistic  Vulnerability /Lethality  Division  (BVLD), 

Survivability/Lethality  Analysis  Directorate  (SLAD),  of  the  U.S.  Army  Research 
Laboratory  (formerly  the  U.S.  Army  Ballistic  Research  Laboratory),  has 
developed  improved  metrics  for  use  in  vulnerability  assessments."*  These 
metrics  are  used  in  the  new  DSVM  which  identifies  the  major  functional  capabili¬ 
ties  of  a  combat  system  and  a  set  of  degraded  capabilities  within  each  of  the  func¬ 
tional  categories.  Killed  components  for  a  given  target/warhead  interaction  are 
mapped  into  these  degraded  capabilities  through  fault  tree  analysis.  This 
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mapping  permits  calculation  of  the  probabilities  of  the  system  being  in  one  or 
more  degraded  capabilities.  This  methodology  avoids  the  aforementioned 
oversimplification  in  the  DAL  process,  and  provides  the  foundation  for  more 
detailed  analyses  than  were  possible  previously.  The  DSVM  is  described  in 
greater  detail  later  in  this  report. 

In  the  late  1950s,  a  series  of  tests  at  the  Canadian  Armament  Research  and 
Development  Establishment  (GARDE)  represented  the  first  modern  attempt  at 
extensive  collection  of  empirical  data  to  relate  damage  to  loss  of  function.*^  From 
these  GARDE  trials  came  a  number  of  correlation  curves  relating  hole  sizes  in 
armor  to  loss  of  capability.  Extensions  of  these  curves  are  still  used  today,  even 
though  in  many  cases  the  combat  systems  to  which  they  are  applied  bear  little 
resemblance  to  those  tested  at  GARDE.  The  unfortunate  effects  of  this  extrapola¬ 
tion  are  pervasive,  even  infecting  computer  codes  written  30  years  after  the  tests. 

In  the  cases  of  aircraft  and  ships,  although  current  analytical  practices  are 
different,  many  of  the  same  shortcomings  apply.  For  aircraft,  vulnerability  ana¬ 
lyses  have  long  included  performance-oriented  measures  of  effectiveness  (MOE); 
examples  of  these  include  “Forced  Landing”,  “Time-dependent  Grash  Landings”, 
etc.  However,  along  with  additional  mission-oriented  MOEs,  such  as  “Mission 
Abort”,  aircraft  V/L  analyses  traditionally  suffer  from  similar  logical  disconnects 
between  weapon  effects  and  target  response.  In  the  case  of  ship  analyses,  several 
shortcomings  apply.  Therefore,  although  the  language  of  this  report  is  cast  in 
terms  of  armored  vehicles,  the  applicability  of  the  concepts  is  universal. 

Gomputer  models  which  have  evolved  to  assist  in  this  analysis  process  are  a 
reflection  of  the  level  of  understanding  the  analysts  have  of  the  various  physical 
and  engineering  phenomena  involved.  The  lumped-parameter  model  known  as 
the  Compartment  Model,  for  example,  assumes  each  system  consists  of  “black 
box”  compartments  such  as  ammunition,  crew,  and  engine.^  A  perforation  by  a 
munition  anywhere  into  one  of  these  compartments  results  in  a  standard  type  of 
loss  of  function;  that  is,  all  components  in  the  compartment  are  “lumped”  into  a 
single  group  for  analysis.  Another  class  of  models.  Point  Burst,  includes  more 
extensive  component  descriptions  and  attempts  to  distinguish  between  different 
shot  lines  by  tracing  the  lines  through  a  detailed  target  description  (see  also 
Reference  7). 

Around  1985,  the  task  of  making  pre-shot  predictions  for  the  Abrams  tank 
live-fire  tests  underscored  the  widely  known  fact  that  deterministic  models  fail  to 
represent  adequately  the  uncertainties  of  projectile  impact  attitude,  armor  and 
component  fracture  mechanics,  spall  production,  fragment  ricochet,  and 
numerous  other  factors  involved  in  damaging  a  combat  system.  Stochastic  or 
Monte  Garlo  techniques  were  introduced  in  an  attempt  to  provide  more  realistic 
estimates  of  damage  to  vehicles.  For  an  historical  perspective  on  vulnerability 
testing  and  modeling,  the  reader  is  directed  to  reference  8.  In  that  paper,  Deitz 
and  Ozolins  recognized  the  need  to  understand  more  rigorously  the  analytical 
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processes  and  relationships  by  introducing  the  concept  of  spaces  for  V/L  analysis. 
These  spaces  and  the  mappings  ^  number  of 

papers  over  the  past  several  years.  ^  Although  there  is  no  question  that 

the  notion  of  spaces  has  been  heuristically  useful,  there  have  been  both  changes  in 
usage  and  a  lack  of  mathematical  precision  in  the  ongoing  dialogue.  It  is  thus 
important  to  make  rigorous  the  complete  taxonomy  with  its  definitions,  assump¬ 
tions,  and  limitations.  What  follows  is  a  description  of  the  spaces  and  mappings, 
as  well  as  a  detailed  discussion  of  the  application  of  this  taxonomy  to  V/L  ana¬ 
lyses. 


It  is  anticipated  that  the  framework  presented  in  this  report  will  pervade 
much  of  the  future  work  in  vulnerability  and  lethality,  both  theoretical  and 
empirical.  In  fact,  the  terminology  discussed  herein  has  already  become  part  of 
the  working  vocabulary  in  the  community. 


III.  Vulnerability  within  Survivability  and  Lethality 

In  the  context  of  this  report,  the  term  “vulnerability  analysis”  refers  to  the 
evaluation  of  the  effects  of  a  warhead  on  a  target.  This  excludes  consideration  of 
such  factors  as  acquisition,  munition  flight,  etc.  Similarly  excluded  are 
mission/scenario  factors  that  describe  the  effect  of  the  resulting  damage  upon 
combat  utility.  This  relationship  is  iilustrated  in  Figure  1. 


rV.  V/L  Spaces  and  Mappings 

1.  V/L  Levels  and  Spaces 

The  basis  for  the  taxonomy  of  V/L  Spaces  comes  from  the  recognition  that 
V/L  analyses  pass  through  distinct  levels  of  information  in  a  precise  order.  These 
levels  are: 

1.  Threat-Target  Interaction,  or  Initial  Configuration 

(including  Initial  Conditions), 

2.  Target  Component  Damage  States, 

3.  Target  Degraded  Capability  States,  and 

4.  Target  Battlefield  Utility. 


From  the  Target  Degraded  Capability  States  can  be  derived  the  various  mission- 
oriented  losses  of  function  such  as  “Firepower  Loss  of  Function  (LOF)”  and 
“Mobility  LOF”. 
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Figure  1.  The  Relationships  Between  Vulnerability,  Lethality  and  Survivability 


The  mappings  by  which  one  passes  from  one  level  to  the  next  are  dependent 
on  different  kinds  of  information  at  each  level.  For  example,  going  from  Level  1 
to  Level  2  (threat-target  initial  configuration  to  target  damage)  essentially 
involves  physics;  going  from  Level  2  to  Level  3  (target  damage  to  degraded  capa¬ 
bility)  requires  engineering  measurement.  The  process  can  be  shown  pictorially  as 
in  Figure  2. 

It  is  important  at  the  outset  to  differentiate  between  “Levels”,  which  are 
composed  only  of  states  of  existence,  and  the  “mappings”,  operators  —  with  the 
data  and  algorithms  to  which  they  have  access  --  which  relate  a  state  at  one  level 
to  a  state  at  another. 

A  Level  contains  all  the  information  required  to  define  the  state  of  the  sys¬ 
tem  at  the  associated  stage  of  a  V/L  analysis/experiment.  At  each  level,  one  can 
define  a  space-  of  points,  each  point  being  a  vector  whose  elements  correspond  to 
the  status  of  a  particular  entity  related  to  the  target.  For  example,  in  Space  2 
(Damage  States),  each  element  may  refer  to  the  status  of  a  particular 
component/subsystem.  The  spaces  thus  defined  are  the  “V/L  Spaces”,  and 
represent,  at  each  level,  the  state  of  the  target  system. 

A  Mapping  represents  all  of  the  information  (physics,  engineering,  etc.), 
known  or  unknown,  required  to  associate  a  point  in  a  space  at  one  level  with  a 
point  in  a  space  at  the  next  level.  Mappings  have  access  to  information  such  as: 
fundamental  data  (penetration  parameters  [Level  1  to  Level  2],  leakage  rates 
[Level  2  to  Level  3],  etc.);  intermediate  data  generated  by  the  mapping  (line-of- 
sight  thicknesses  [l  to  2],  temperature  rise  in  an  uncooled  engine  [2  to  3]);  and 
algorithms  (depth  of  penetration  [l  to  2|,  fault  trees  [2  to  3]). 

The  V/L  experimental  and  analytical  processes  can  then  be  expressed  as  a 
series  of  mappings  which  relate  a  state  vector  in  one  space  (the  domain)  to  a 
resultant  state  vector  in  a  next  higher-level  space  (the  range). 

Note  that  at  each  transition  to  the  next  level  some  detail  about  the  target 
system  may  be  lost:  a  broken  bolt  in  level  2  may  be  the  cause  of  degraded  mobil¬ 
ity  influencing  mission  effectiveness,  but  at  level  3  the  bolt  is  no  longer  recognized 
as  an  entity.  It  is  now  widely  acknowledged  that  skipping  over  levels  (such  as 
inferring  remaining  combat  utility  directly  from  the  size  of  the  hole  in  the  armor) 
loses  so  significant  an  amount  of  information  that  continuity  and  auditability  are 
lost. 
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Figure  2.  The  YulDersbility  Analysis  Process 


2.  Axioms  and  Definitions 


In  order  to  provide  a  consistent  structure  to  the  taxonomy  about  to  be 
defined,  the  following  axioms  (assumptions)  are  given: 

1.  There  are  three  levels  of  information  making  up  the 
vulnerability  analysis  universe;  spaces  can  be  defined 
at  each  of  these  levels. 

2.  The  points  in  each  of  the  spaces  are,  in  principle, 
observable  and/or  measurable. 

3.  The  points  in  each  space  are  vectors,  consisting  of  one 
or  more  elements. 

4.  There  exist  mappings  from  each  level  to  the  next, 
specifically  from  a  point  in  a  space  at  each  level  to  a 
corresponding  point  in  a  space  at  the  next  level. 

With  these  axioms  in  place: 

Definition  1: 

1.  V/L  Space  1,  or  VLl,  is  a  set  of  possible  initial 
configurations  for  target/munition  interaction. 

2.  V/L  Space  2,  or  VL2,  is  the  set  of  all  possible  damage 
vectors  which  can  result  from  the  initial  configurations 
contained  in  VLl.  The  elements  of  the  vectors  in  VL2  indicate 
the  status  of  all  critical  components/subsystems. 

3.  V/L  Space  3,  or  VL3,  is  the  set  of  all  possible  system 
capability  degradation  vectors  resulting  from  the  damage  states 
in  VL2.  The  elements  of  the  VL3  vectors  indicate  degrees  of 
capability  (for  movement,  communication,  firepower  —  or,  at  a 
finer  level  of  resolution,  speed,  acceleration,  etc.) 


Definition  2:  The  dimension  of  a  space  is  the  number  of  elements  in  a  vector 
(point)  in  that  space. 

Definition  3:  The  cardinality  of  a  space  is  the  number  of  vectors  (points)  in  that 
space. 

Definition  4;  The  mapping  from  to  \T^2  is  denoted  by  012;  similarly,  the 
mapping  from  VL2  to  VL3  is  denoted  by  023. 


7 


It  is  important  to  recognize  that  it  is  possible  to  construct  many  different 
spaces  at  any  particular  level.  For  example,  note  that  the  number  of  elements  in 
a  point  (vector)  in  a  space  may  depend  upon  the  granularity  of  the  target  descrip¬ 
tion  to  be  used.  This  appears  to  be  practically  unavoidable:  a  human 
enumerates  the  different  elements  which  will  be  evaluated  in  deciding  what  state 
exists  after  a  single  shot.  Thus,  there  may  be  any  number  of  spaces  which  could 
be  created  to  describe  the  post-shot  evaluation.  Yet,  they  could  all  be  “Spaces”, 
as  defined  in  this  section.  (That  is,  they  can  be  closed,  possess  an  identity  ele¬ 
ment,  be  amenable  to  the  defined  operators,  etc.) 

A  potentially  fruitful  area  for  future  study  is  the  relationship  between 
different  spaces  at  the  same  level  that  differ  only  in  their  degrees  of  granularity. 
This  naturally  leads  to  the  concept  of  an  “ultimate”  space  at  each  level.  For 
example,  consider  a  sequence  of  spaces  of  damage  vectors  (level  2),  each  succeed¬ 
ing  space  having  more  elements  in  its  vectors.  Since  each  element  of  a  damage 
vector  refers  to  the  status  of  a  particular  part  of  the  target,  such  a  sequence  could 
result  from  a  progressively  finer  dissection  of  the  target  into  successively  smaller 
parts.  The  endpoint  of  this  sequence  is  a  construct  whose  discrete  elements  are 
replaced  by  continuously  varying  ones  which  detail  the  infinitesimal,  point-by¬ 
point  status  of  the  target.  Ideally,  this  “endpoint”  will  also  form  a  space  under 
the  same  definitions  that  are  listed  herein,  with  the  necessary  replacement  of 
discrete  entities  with  continuous  ones. 

The  relationship  between  this  “ultimately  fine  space”  and  a  space  of  coarser 
granularity  may  be  of  more  than  academic  interest.  For  example,  suppose  a 
predictive  result  is  expressed  in  terms  of  a  set  of  damage  vectors  assembled  into 
space  VL2a.  An  experiment  is  independently  conducted,  with  results  expressed  in 
terms  of  the  damage  vectors  in  VL2b.  Consider  the  task  of  determining  how  close 
the  prediction  is  to  the  experimental  result.  Since  the  spaces  are  different,  com- 
pari  on  of  the  damage  vectors,  in  a  mathematical  sense,  may  be  unfounded. 
However,  if  both  results  can  be  related  to  their  associated  points  in  VL2*  (the 
“ultimately  fine  space”),  a  comparison  between  the  points  can  be  made. 

3.  Relationships  Between  Spaces  at  Different  Levels 

a.  Mappings.  Next,  consider  the  mappings,  the  association  of  points  from 
a  space  at  one  level  with  those  in  a  space  at  another  level.  As  described  above, 
the  points  in  the  spaces  are  determined  by  ^stem  design,  construction,  and 
intended  application;  specifically  excluded  are  the  physical  and  engineering  factors 
that  relate  points  in  one  space  (for  example,  a  set  of  initial  conditions)  to  points 
at  the  next  level  (for  example,  the  resultant  damage).  Rather,  such  factors  are 
incorporated  in  the  mappings,  either  actually,  if  the  mopping  is  accomplished  by 
a  field  experiment,  or  algorithmically,  if  the  mapping  is  accomplished  by  analysis 
or  simulation.  Analytical  mappings  are  characterized  by  empirical  or  theoretical 
relationships  such  as  penetration  algorithms,  fracture  mechanics,  etc.,  in  the  case 
of  the  mapping  from  VLl  to  VL2.  When  going  from  VL2  to  VL3,  an  analytical 
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mapping  is  essentially  an  engineering  performance  model,  supported  by  a  series  of 
fault  trees  which  describe  the  logical  connections  between  components  to  form 
subsystems.  Thus,  in  this  taxonomy,  knowledge  gaps  are  quite  clearly  linked  to 
the  ability  to  construct  a  mapping  from  one  space  to  another. 

As  an  example  of  the  023  mapping  process,  the  DSVM  maps  the  target 
damage  state  into  its  remaining  capability  state.  For  an  armored  fighting  vehicle, 
the  vehicle’s  required  capabilities  could  be  described  in  terras  of  a  six-element  vec¬ 
tor  (Mobility,  Firepower,  Acquisition,  Crew,  Communications,  Ammunition). 
Conventional  DS  terminology  refers  to  these  elements  as  “capability  categories"; 
each  DS  capability  category  is  further  divided  into  capability  levels  which  define  a 
particular  performance  degradation  (i.e.,  reduced  speed,  reduced  accuracy,  etc.). 
Included  within  a  capability  category  are  all  possible  combinations  of  capability 
levels  that  could  occur  simultaneously  and  a  “no  damage"  capability  level.  These 
two  properties  of  the  capability  category  make  the  capability  levels  within  a 
category  both  mutually  exclusive  and  exhaustive.  For  any  set  of  components,  one 
and  only  one  capability  level  will  be  satisfied  for  each  capability  category.  This 
combination  of  capability  levels,  one  from  each  category,  represents  the  degraded 
state  of  the  vehicle.  This  methodology  provides  a  more  robust  set  of  metrics  when 
compared  to  the  traditional  DAL  metrics  which  provide  only  a  single  LOF  value 
for  both  mobility  and  firepower,  a.s  demonstrated  by  the  example  later  in  this 
report. 

Mathematical  fault  trees  are  developed  to  represent  the  components  and/or 
subsystems  which  contribute  to  the  degraded  state  capability  levels  in  each  capa¬ 
bility  category  (or  element  of  the  VL3  vector).  These  fault  trees  consist  of  a  list 
of  critical  vehicle  components  that,  if  killed,  result  in  that  particular  capability 
level  being  satisfied.  For  a  particular  capability  category,  a  capability  level  is 
achieved  when  no  uninterrupted  path  can  be  traced  from  top  to  bottom  in  the 
fault  tree.  The  fault  tree  path  configurations  can  be  described  as  having  com¬ 
ponents  arranged  in  series  or  in  parallel  or  as  some  combination  of  the  two.  If 
listed  In  series,  the  loss  of  any  component  causes  an  interruption  in  the  path 
whereas  those  components  listed  in  parallel  must  all  be  killed  to  interrupt  the 
path.  The  components  listed  in  the  fault  trees  can  represent  either  a  single  criti¬ 
cal  component  or  a  system  of  critical  components.  The  systems  of  components 
are  usually  developed  into  fault  tree  configurations  during  the  criticality  analysis. 

There  may  also  be  a  certain  variability  inherent  in  the  processes  of  penetra¬ 
tion,  fracture  mechanics,  fluid  leaks,  and  so  on.  If  it  exists,  such  variability  would 
be  a  characteristic  o!"  the  mapping  function;  that  is,  two  applications  of  a  map¬ 
ping  function  to  the  same  point  in  its  domain  could  result  in  two  different  image 
points  in  its  range. 
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b.  Repeated  Mappings  and  Probability  Distributions.  Consider  the 
following  procedure:  Construct  spaces  at  Levels  1  and  2  (^^Jl  and  VL2)  as 
described  above.  Also  construct  a  “scorecard”  at  Level  2  which  allows  one  to 
count  how  many  times  each  damage  state  point  in  VL2  is  reached.  Then  select 
only  one  set  of  initial  conditions  (a  fixed  point  in  VLl)  and  iterate  the  mapping 
012,  counting  the  number  of  times  each  point  in  VL2  is  reached.  It  is  clear  that, 
following  a  large  number  of  mappings,  the  information  in  the  scorecard  provides 
an  indication  of  the  likelihood  that  a  certain  damage  state  point  in  VL2  will  occur 
from  a  given  set  of  threat-target  initial  conditions  in  VLl.  In  fact,  it  is  a  straight¬ 
forward  process  to  infer  from  the  scorecard  information  a  probability  distribution 
associated  with  the  mapping  and  the  initial  conditions.  The  boxes  marked 
"EVENT  COUNTER"  or  "STATE  COUNTER"  in  Figure  2  represent  such  score- 
cards. 


In  principle,  the  process  could  be  repeated  for  several  sets  of  initial  condi¬ 
tions.  In  this  way,  one  can  arrive  at  an  understanding  of  the  stochastic  nature  of 
the  physics  or  engineering  underlying  the  012  and  023  mappings. 

Once  the  spaces  are  defined  at  each  level  and  the  mappings  (012,  023)  are 
known  for  a  particular  vulnerability  problem,  then  the  analysis  process  can 
proceed.  Selecting  a  set  of  initial  conditions  for  threat-target  interaction,  one 
applies  the  012  mapping  to  determine  a  damage  state  vector  in  VL2.  Using  that 
damage  state  vector  as  the  domain  point,  one  then  applies  the  023  mapping  to 
determine  a  loss-of-capability  vector  in  VL3.  By  repeated  application  of  the  012 
mapping  from  the  same  initial  conditions,  one  can  infer  the  likelihood  of 
occurrence  of  each  of  the  damage  state  vectors.  Similarly,  by  repeated  applica¬ 
tion  of  the  023  mapping  to  the  same  damage  state  vector,  one  can  infer  the  likeli¬ 
hood  of  occurrence  of  each  loss  of  capability. 

The  probability  distribution  of  loss-of-capability  vectors  (degraded  states) 
provides  a  much  fuller  description  of  the  damage  to  the  vehicle  than  does  the 
traditional  DAL  metric.  The  distribution  describes,  in  detail,  the  frequency  and 
degree  of  the  damage  to  each  of  the  capability  categories.  The  higher  resolution  of 
the  DSVM  provides  information  which  is  aggregated  early  (and  thus  lost)  in  the 
DAL  process.  For  example,  using  the  Degraded  States  distribution,  the  frequency 
of  inflicting  one,  two,  three,  or  four  crew  casualties  can  be  determined.  Also,  the 
probability  of  a  particular  capability  level  in  one  capability  category  occurring 
simultaneously  with  a  particular  capability  level  in  another  capability  category 
can  be  calculated.  For  example,  it  may  be  of  interest  to  know  how  probable  it 
was  to  have  no  firepower  damage,  yet  still  have  crew  and/or  communications 
damage. 
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It  is  essential  to  appreciate  two  points; 

1.  These  likelihoods,  or  probabilities,  are  functions  of  the 
mappings,  and  not  of  the  spaces;  if  the  mappings  are  changed,  the 
probabilities  which  they  associate  with  the  vectors  in  the  spaces 
will  change. 

2.  The  mappings  have  their  domains  and  ranges  in  the  V/L 
spaces,  not  in  the  sets  of  probabilities. 


c.  Non-invertibility.  It  is  also  important  to  realize  that  the  mappings 
012  and  023  are  not,  in  general,  invertible.  That  is,  given  a  capability  state  vec¬ 
tor  in  VL3,  it  is  not  possible  to  determine  which  damage  state  vector  in  VL2  was 
mapped  into  it  by  023.  In  fact,  there  will  generally  be  numerous  damage  state 
vectors  which  could  produce,  under  023,  a  given  capability  state  vector. 

A  capability  state  vector  in  VL3  could  be  (M®0,F=1,C=1),  indicating  full 
firepower  and  crew  capability,  but  no  mobility.  Notice  that  this  piece  of  informa¬ 
tion  by  itself  reveals  nothing  about  why  there  is  no  mobility.  Since  the  informa¬ 
tion  does  not  survive  in  the  capability  state  vector,  the  mapping  023  is  clearly 
not  invertible.  Stated  another  way,  the  023  mapping  is  “many-to-one”  (or 
“many-to-many”).  Similarly,  012  is  not  invertible;  it,  too,  is  many-to-one  or 
many-to-many. 

The  consequences  of  this  non-invertibility  can  be  significant,  particularly 
impacting  the  development  process  for  military  equipment. 

4.  Innpact  of  Cardinality 

It  has  been  implied  by  the  previous  paragraphs  that  a  combination  of  test^ 
ing  and  modeling  can  be  used  to  characterize  system  performance.  As  was  noted 
in  the  previous  section,  the  cardinalities  of  VLl,  VL2,  and  VL3  could  be  finite  or 
infinite.  If  the  cardinality  of  VL2  is  finite,  it  may  be  possible  (though  very  expen¬ 
sive)  to  examine,  through  testing  and  simulation,  the  full  spectrum  of  images  of 
VL2  in  VL3  under  the  023  mapping.  If  the  cardinality  of  VL2  is  infinite,  this  is 
simply  not  possible. 

Similarly,  if  the  cardinality  of  VLl  is  infinite  (which  is  quite  certainly  the 
case  in  the  real  world  of  continuously-varying  coordinate  systems,  masses  and 
velocities),  then  it  is  clearly  impossible  to  analyze  every  aspect  of  012.  Thus,  the 
best  which  can  be  hoped  for  is  to  identify  a  reasonable  approximation  to  012, 
and  to  023  as  well.  This  is  where  the  introduction  of  stochastic  simulation  into 
the  process  can  pay  off  handsomely. 
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V.  Relevance  of  the  Taxonomy  to  the  Vulnerability  Analysis  Process 
1.  Initial  “Set-up”  of  Problem 

Given  a  completely  defined  threat  and  target,  how  does  one  construct  the 
appropriate  V/L  spaces  for  a  given  problem  and  determine  and/or  approximate 
the  mappings  between  them?  The  first  step  in  any  analysis  process  is  to  deter¬ 
mine  the  required  precision.  This  requirement  will  dictate  the  level  of  detail 
required  in  computer  target  descriptions,  the  level  of  precision  needed  in  test 
instrumentation  and  data  reduction,  the  number  of  components  identified  as  criti¬ 
cal,  and  the  level  of  performance  capability  testing  to  be  done.  (It  seems  reason¬ 
able  that  precision  in  the  results  of  an  analysis  depends  upon  the  level  of  detail  in 
the  target  description.  However,  the  quantification  of  this  dependence  is  most 
difficult  in  practice.) 

Having  determined  the  required  precision,  the  analyst  quantifies  and 
enumerates  all  relevant  sets  of  initial  configurations.  Similarly,  having  identified 
the  critical  components  and  having  decided  to  specify  the  damage  states  in  terms 
of  those  components,  it  is  possible  to  construct  a  VL2. 

The  elements  of  the  VL3  vectors  must  reflect  the  capabilities  to  be 
evaluated  for  the  target.  Suppose  these  vectors  have  three  elements  correspond¬ 
ing  to  Mobility,  Firepower,  and  Communication.  The  "granularity”  of  these  ele¬ 
ments  is  arbitrary,  as  was  that  of  the  elements  in  VLl  and  VL2.  For  example,  it 
would  have  been  possible  to  have  subdivided  "Mobility”  into  "Ability  to  Go”  and 
"Ability  to  Stop”.  This  decision  is  again  a  reflection  of  the  required  precision 
which  was  discussed  above.  If  it  is  somehow  determined  that  greater  precision  is 
required,  the  dimensions  of  each  element  will  need  to  be  increased  appropriately. 

At  this  stage,  the  spaces  are  populated  with  vectors  and  their  dimension  has 
been  set  based  upon  some  anticipated  level  of  detail  necessary  to  satisfy  the 
requirements  of  the  analysis.  These  spaces  and  the  vectors  in  them  represent  the 
total  universe  of  states  for  the  problem;  no  initial  conditions,  damage  states,  or 
capabilities  outside  these  spaces  will  enter  into  the  analysis. 

It  might  also  be  necessary  to  specify  the  allowed  values  that  each  element 
might  assume.  The  coarsest  graduation  is  binary;  a  capability  is  judged  as  either 
present  (1)  or  absent  (0).  At  the  other  extreme,  each  capability-designating- 
element  could  be  a  continuous  variable.  Intermediate  are  discrete  formulations  in 
which  each  element  may  have  one  of  only  a  few  allowed  values. 

It  remains  to  characterize  the  mappings.  For  the  012  mapping,  one  may 
need  algorithms  for  such  damage  mechanisms  as  penetration,  shock,  overpressure, 
fire  and  toxic  fumes,  depending  upon  the  threat.  All  pertinent  damage  mechan¬ 
isms  must  be  identified  and  modeled,  using  a  mix  of  empiricism  and  theory  as 
appropriate.  Essentially,  the  0l2  mapping  is  characterized  by  the  physics  of  the 
threat-target  system. 
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In  order  to  characterize  023,  engineering  measurements  and/or  modeling 
must  be  used.  For  example,  there  may  be  many  ways  of  impeding  the  target’s 
mobility.  The  impact  of  specific  target  damage  is  not  easily  assessed  theoretically, 
and  may  thus  require  extensive  testing  for  full  and  adequate  characterization  of 
the  mapping  in  order  to  quantify  the  capability  loss  relative  to  the  system’s  base 
line  performance. 

It  is  worth  reiterating  that  the  spaces  can  all  be  formulated  without  any¬ 
thing  more  than  a  complete  knowledge  of  system  design  and  threat  attack  param¬ 
eters.  Defining  the  mappings  requires  testing  and  physics  or  engineering  judg¬ 
ment.  This  points  out  yet  another  benefit  of  this  V/L  taxonomy:  The  sharp  del¬ 
ineation  made  between  the  conditions  (state-vectors)  and  the  damage/degradation 
phenomenology  (mappings)  helps  to  focus  attention  upon  the  areas  in  which  the 
essential  shortcomings  lie. 

2.  Extraction  of  Results  for  End-Uses 

To  this  point,  the  discussion  has  been  limited  to  the  vulnerability  analysis 
process,  the  results  of  which  are  specific,  quantifiable,  observable  measures.  How¬ 
ever,  for  various  analytical  purposes,  one  must  also  be  equipped  to  make  more 
general  assertions  concerning  the  military  utility  of  actual  or  hypothesized 
weapon  systems.  For  example,  to  use  vulnerability  data  in  all  its  fine  detail  may 
be  prohibitive.  The  remedy  is  to  coalesce  several  data  into  a  few  numbers, 
weighting  each  datum  based  upon  tactical /mission  related  probabilities. 

Figure  3  provides  a  notional  scheme  which  shows  hov'  such  a  statistical 
aggregation  is  formed.  The  battlefield  utility  of  the  target  is  broken  into  its 
potential  mission  components.  Each  component  is  further  broken  down  until, 
ultimately,  each  branch  ends  on  a  specific  target  capability  degradation  (VL3 
point).  Since  each  branch  has  been  weighted,  it  is  then  a  straightforward  task  to 
"roll-up”  an  overall  weighted  loss  of  battlefield  utility. 

As  an  example  of  the  processes  outlined  in  this  report,  consider  the  follow¬ 
ing  vulnerability  analysis  problem:  Suppose  a  truck  encounters  a  blast  mine.  The 
points  in  VLl  might  look  like 

{[TRUCK],1MINE;  blast  pai  ameters),[COORDINATES), [EVENT  TIME]} 
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Figure  3.  Aggregation  to  Level  4 


Several  replications  would  be  needed  to  sample  adequately  the  variability 
inherent  in  the  encounter.  However,  for  this  example,  we  consider  only  two  repli¬ 
cations,  resulting  in  two  damage  vectors  in  VL2 


Truck  1:  {...,0.2,...,<0.1,...,time  of  assessment} 
Truck  2:  {...,0.0,...,0.8,...,time  of  assessment} 

where  the  generic  form  of  the  damage  vector  is 

{...,[steering  linkage  damage],..., [radiator  damage], 
...,time  of  assessment} 


Note  that,  in  the  first  replication,  the  truck  received  slight  damage  to  both 
the  steering  linkage  and  the  radiator.  In  the  second,  no  damage  was  done  to  the 
linkage,  but  significant  radiator  damage  occurred.  In  an  actual  analysis,  such 
differences  between  replications  could  result  from  any  of  a  number  of  stochastic 
factors,  such  as  variahility  in  exact  point  of  mine  functioning  relative  to  the 
truck,  variability  in  hardness  in  truck  components,  etc. 

Continuing  with  this  example,  it  is  now  necessary  to  relate  the  (two)  dam¬ 
age  states  to  the  resulting  degradation  in  capability  of  the  truck.  A  typical 
Degraded  States  vector  in  VL3  for  this  problem  might  be: 

{(MOBILITY],[CREW],[COMMUNICATIONS],ltime  of  capability  assessment]}. 

Based  on  the  damage  vectors  produced  above,  only  mobility  is  affected.  It 
is  also  clear  that  a  finer  level  of  granularity  is  necessary  if  any  distinction  is  to  be 
made  between  the  results  of  the  two  shots.  The  VL3  vectors  could  be  refined  to  a 
form  such  as 

{...,[TOP  SPEED],...,(STEERING],...,[TIME  TO  ENGINE  FAILURE], 
...,time  of  capability  assessment}. 


Now,  note  that  not  all  copies  of  the  same  truck  will  respond  identically  to 
the  same  damage.  For  example,  the  work  of  White  et  al.^^  has  shown  significant 
variation  in  failure  times  for  identical  engines  with  identical  damage.  Thus,  the 
variation  in  system  response  to  each  damage  state  should  be  adequately  sampled. 
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For  this  example,  we  replicate  each  023  mapping  twice,  resulting  in  four  possible 
degraded  capability  states  (VL3  points)  from  the  two  damage  states  (VL2  points). 

Truck  1,  Test  1:  {...,0.9,. ..,0.8,. ..,3  hrs,...,time  of  cap.  assess.) 

Test  2:  {...,0.6,...,0.8,...,2.5  hrs,...,time  of  cap.  assess.) 

Truck  2,  Test  1:  {...,1.0,. ..,1.0,.. .,5  min,..., time  of  cap.  assess.) 

Test  2;  {...,1.0,. ..,1.0,.. .,18  min,..., time  of  cap.  assess.) 


Now,  assume  there  are  two  missions  against  which  the  truck’s  capabilities  are  to 
be  assessed. 

Mission  1:  Hard  surface  road,  drive  20  miles  in  30  minutes  or  less. 

Mission  2:  Cross-country,  drive  10  miles  in  2  hours  or  less. 

Evaluated  against  these  missions,  and  based  on  a  go/no  go  (0  or  1)  system,  the 
''kill"  analysis  would  look  like 

Truck  1  Truck  2  Pk 

shot  1  shot  2  shot  1  shot  2 
Mission  10  11  1  0.75 

Mission  2  0  0  1  1  0.50 


Note  that  this  process  produces  a  frequency  distribution.  Multiple  replica¬ 
tions  would  produce  multiple  damage  vectors  which  would  map  onto  multiple 
capability  states.  These  can  then  be  "rolled  up",  .as  demonstrated  for  the  four 
states  in  the  example.  The  number  (0.75  or  0.5  above)  represents  the  fraction  of 
all  samples  in  which  the  mission  requirements  are  not  met;  i.e.,  the  frequency 
(from  which  a  probability  can  be  inferred)  with  which  the  selected  set  of  initial 
conditions  result  in  a  mission  kill. 

It  must  also  be  noted  that  the  assessment  of  the  second  mission  did  not 
require  another  vulnerability  analysis  to  be  done.  Rather,  once  the  degraded 
capability  vectors  were  found,  the  mission  assessment  was  accomplished  by  a  sim¬ 
ple  "roll-up".  Thus,  having  brought  one  analysis  to  Level  3,  the  analyst  is 
prepared  for  any  mission  from  any  customer. 

By  comparison,  the  Pk  from  the  DAL  for  the  truck  is  0.5  for  any  and  all 
missions.  Clearly,  the  new  methodology  is  significantly  more  flexible  -  and  accu¬ 
rate. 


16 


VI.  Inclusion  of  Degraded  States  Metrics  in  the  JANUS  Force-Level  Model 

This  section  describes  current,  on-going  work  with  the  Training  and  Doc¬ 
trine  Command  Analysis  Center-White  Sands  Missile  Range  (TRAC-WSMR)  to 
include  degraded  states-type  metrics  in  the  JANUS  force-level  model.  Briefly, 
JANUS  is  a  highly  detailed,  two-sided  interactive  stochastic  combat  simulation 
that  is  capable  of  playing  armored  vehicles,  infantry  fighting  vehicles,  artillery, 
fixed  wing  and  rotary  wing  aircraft.  The  model  simulates  two  opposing  forces 
which  are  simultaneously  directed  and  controlled  by  two  sets  of  players,  one  set 
for  each  force.  The  purpose  of  this  study  is  to  prove  the  feasibility  of  using 
Degraded  States  vulnerability  data  in  a  highly  detailed  force  level  combat  simula¬ 
tion.  The  combat  scenario  that  was  selected  for  this  study  contained  approxi¬ 
mately  250  direct  fire  engagements.  Only  direct  fire  weapons  were  used  in  this 
scenario  because  degraded  states  data  were  readily  available  and  there  was  a 
desire  to  limit  the  scope  of  this  initial  trial. 

When  a  direct  fire  engagement  takes  place  in  JANUS,  a  "probability  of  kill", 
based  on  the  DAL  methodology,  is  selected  from  a  look  up  table  according  to  the 
engagement  parameters  (range,  azimuth,  munition,  target,  etc...).  This  number  is 
a  view  average  loss  of  function  value  but  is  used  as  a  probability  of  no  capability. 

A  random  number  is  then  drawn  to  determine  if  the  vehicle  is  killed  or  not  killed. 
There  are  many  well  known  shortcomings  to  this  approach,  all  of  which  degraded 
states  eliminates  (see  references  4  and  5). 

BVLD’s  proposed  solution  for  this  initial  trial  is  to  write  a  "black  box"  that 
could  be  compiled  and  linked  into  JANUS  that  would  take  care  of  determining  a 
vehicle’s  degraded  state.  This  black  box  would  consist  of  a  subroutine  and  all  of 
the  supporting  cell-by-cell  data  and  would  be  called  whenever  a  direct  fire  engage¬ 
ment  takes  place.  This  subroutine  will  do  several  calculations  (range,  impact 
azimuth,  impact  location  to  name  a  few)  and  then  would  look  up  the  appropriate 
degraded  states  data  from  the  appropriate  cell.  View  average  numbers  will  not  be 
used  with  the  degraded  states  approach.  It  was  decided  to  calculate  the  impact 
location  of  the  munition  and  use  the  vulnerability  calculations  from  that  exact 
location  on  the  target. 

It  is  ultimately  hoped  to  be  able  to  provide,  for  JANUS,  a  package  which 
would  do  the  vulnerability  calculations  in  real  time  instead  of  looking  up  pre¬ 
calculated  vulnerability  data.  This  would  be  done  during  the  course  of  the  game 
as  each  engagement  takes  place  and  for  the  specific  engagement  parameters  (i.e. 
calculate  the  degraded  state  for  23  degrees  azimuth  instead  of  looking  up  the 
pre-calculated  degraded  state  for  3C  degrees). 

Currently,  personnel  at  TRAC-WSMR  are  examining  ways  to  use  the 
degraded  states  data.  There  are  many  implementation  details  that  will  be  worked 
out  between  TRAC-WSMR  and  BVLD;  for  example,  is  a  vehicles  probability  of 
hitting  a  target  reduced  if  it  has  a  reduced  delivery  accuracy  capability  or  how 


17 


much  is  the  mean  time  to  acquire  increased  when  a  vehicle  has  a  reduced  target 
acquisition  capability? 


VII.  Extensions  of  the  V/L  Process  Structure 

The  concept  of  the  Process  Structure  has  application  outside  the  realm  of 
vulnerability /lethality  analyses.  The  premise  for  this  statement  can  be  found  in 
the  earlier  discussions  in  this  report.  All  events,  through  the  determination  of 
remaining  capabilities,  are  engineering  observables  or  measurables;  that  is,  one 
could  physically  observe  or  measure  these  phenomena  in  the  field.  Consequently, 
there  are  a  number  of  additional  uses  for  the  process  structure  that  would  permit 
analyses  across  the  spectrum  of  Army  concerns  for  a  combat  system  based  on  the 
same  set.  This  would  increase  clarity  about  which  capabilities  are  important  and 
provide  a  tool  for  communication  among  the  analysis  community.  Several  such 
applications  are  apparent.  These  are  the  1)  Reliability,  Availability,  and  Maintai¬ 
nability  (RAM)  analyses;  2)  Battle  Damage  Repair  (BDR);  3)  Nuclear,  Bic’ogical 
and  Chemical  (NBC)  Contamination  Survivability;  4)  Operational  Requirements 
Documents  (ORDs);  5)  comparison  of  analytical  with  experimental;  and  6)  force- 
level  wargames  (as  shown  in  the  previous  section).  The  ability  to  clarify  the 
operational  requirements  of  a  system  by  identifying  its  required  functions  pro¬ 
vides  a  sound  basis  for  communications  between  the  user,  the  developer  and  the 
analysis  community  throughout  the  acquisition  life  cycle  of  the  system.  Applying 
the  same  analytical  approach  to  such  diverse  areas  as  V/L,  RAM  and  BDR  allows 
one  to  evaluate  the  major  aspects  of  the  acquisition  cycle  using  the  same  process. 
A  more  detailed  discussion  of  these  extensions  of  the  V/L  Process  Structure  can 
be  found  in  reference  14. 


VIII.  Conclusions  and  Recomnnendations 

A  taxonomy  has  been  developed  for  the  vulnerability  analysis  process.  It 
has  been  shown  that  this  taxonomy  represents  an  appropriate  and  internally  con¬ 
sistent  mathematical  foundation  for  vulnerability  science,  providing  a  framework 
for  analytical  processes  and  a  means  for  identifying  knowledge  gaps.  The  DSVM 
is  a  prototypical  example  of  the  023  mapping  process,  and  its  application  demon¬ 
strates  the  value  of  the  process  structure  developed  in  this  report.  As  the  exam¬ 
ple  clearly  shows,  the  DSVM  provides  a  much  more  detailed  assessment  of  a 
vehicle’s  performance  capability  than  is  possible  with  the  traditional  DAL 
approach. 

One  of  the  most  important  advantages  of  the  taxonomy  developed  in  this 
report  is  the  fact  that  it  provides  a  mathematical  framework  within  which  new 
analyt/ical  procedures  may  be  developed  in  a  systematic  fashion.  For  example,  the 
astute  reader  will  have  surmised  that  there  is  likely  an  algebra  of  the  vectors  in 
the  spaces  which  can  be  defined,  with  a  “norm”  or  distance,  and  a  binary 
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operator  for  combining  two  vectors.  This  algebra  is  being  pursued  and  is  the  sub¬ 
ject  of  a  report  now  in  progress.  The  advantage  to  such  work  is  the  ability  to 
answer  for  the  first  time,  in  a  precise  mathematical  sense,  the  question  of  what  is 
meant  by  two  shots  on  a  target  being  "close."  Moreover,  finding  a  set  of  basis 
vectors  for,  say,  VL2,  would  essentially  identify  the  most  important  "shots"  to  test 
against  a  system  to  learn  its  vulnerabilities.  If  the  012  and  023  mappings  can  be 
made  continuous,  then  there  is  a  great  deal  of  mathematical  formalism  concerning 
approximation  of  continuous  functions  which  can  be  brought  to  bear  on  the  prob¬ 
lem  of  modeling  the  physics  and  engineering  of  the  vulnerability  analysis  process. 

The  growth  potential  has  already  been  demonstrated  in  a  dramatic  fashion 
by  the  fact  that  the  DSVM  is  currently  being  applied  to  investigate  problems  in 
RAM  and  BDR.  It  should  also  be  noted  that  the  process  structure  is  applicable  to 
all  vulnerability  problems  across  the  services;  it  is  not  limited  to  ground  combat 
systems.  This  Is  evidenced  by  the  fact  that  the  taxonomy  discussed  in  this  report 
has  been  used  as  the  basis  for  the  Target  Interaction  Lethality/Vulnerability 
(TILV)  Master  Plan,  being  developed  for  the  Joint  Directors  of  Laboratories 
under  the  auspices  of  the  Office  of  the  Secretary  of  Defense. 

At  this  time,  it  is  impossible  to  predict  the  degree  to  which  such  mathemati¬ 
cal  formalism,  with  rigorously  defined  entities,  will  be  able  to  resolve  the  prob¬ 
lems  noted  with  past  vulnerability  analysis  methods.  However,  if  nothing  else 
results  from  this  exercise,  the  taxonomy  and  associated  vocabulary  developed 
have  already  proven  to  be  extremely  useful  to  those  who  now  routinely  use  it. 
The  Levels  of  results,  the  meaning  of  a  Space  of  state  vectors,  the  constituents  of 
a  mapping  —  these  concepts  have  considerably  sharpened  information  and  idea 
exchange  in  a  wide  range  of  vulnerability  applications,  including  managerial  and 
operational  issues,  as  well  as  methodological  developments. 
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Redstone  Arsenal,  AL  35898-5500 

1  Director 

U.S.  Army  Missile  and  Space  Intelligence 
Center 

ATIN:  AIMS-RT,  Pat  Jordar. 

Redstone  Arsenal,  AL  35898-5500 

1  Director 

U.S.  Army  Missile  and  Space  Intelligence 
Center 

ATTN:  AIMS-YLD,  Vernon  L.  Stallcup 
Redstone  Arsenal,  AL  35898-5500 
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2  Director 

U.S.  Army  Missile  and  Space  Intelligence 
Center 

ATTN:  AIMS-YRS, 

Thomas  Blalock 
Pete  Kirkland 

Redstone  Arsenal,  AL  35898-5500 
2  Director 

U.S.  Army  Missile  and  Space  Intelligence 
Center 

ATTN:  AIMS-YRT, 

Francis  G.  Cline 
Don  A.  Slaymaker 
Redstone  Arsenal,  AL  35898-5500 

1  Director 

U.S.  Army  Missile  and  Space  Intelligence 
Center 

ATTN:  Randy  L.  Smith 
Redstone  Arsenal,  AL  35898-5500 

1  Commander 

U.S.  Army  Tank- Automotive  Command 
ATTN:  AMCPM-BLK-m,  COL  Don  Derrah 
Warren,  Ml  48397-5000 

1  Commander 

U.S.  Army  Tank- Automotive  Command 
ATTN:  AMSTA-CK,  M.  Erickson 
Warren,  MI  48090 

1  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-CR,  Mr.  Wheelock 
Warren,  MI  48397-5000 

1  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-CV,  COL  Becking 
Warren.  MI  48397-5000 

2  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-NKS, 

D.  Cyaye 
J.  Rowe 

Warren,  Ml  48397-5000 


2  Commander 

U.S.  Army  Tank- Automotive  Command 
ATTN:  AMSTA-RG. 

R.  Munt 
R.  McClelland 
Warren,  Ml  48397-5000 

3  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-RSC, 

John  Bennett 
Wally  Mick 

Warren.  MI  48397-5000 
1  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN;  AMSTA-RSK,  Sam  Goodman 
Warren.  Ml  48090-5000 

1  Commander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-RY.  Ron  Beck 
Warren,  MI  48397-5000 

2  Commander 

U.S.  Army  Tank- Automotive  Command 
ATTN:  AMSTA-ZE,  R,  Asoklis 
AMSTA-ZS,  D.  Rees 
Warren.  Ml  48397-5000 

1  Office  of  the  PEO,  Armored  Sys  Mod 
ATTN:  SFAE-ASM-CV,  Brian  Bonkosky 
Warren,  MI  48397-5000 

1  Coiiunander 
HQ.TRADOC 

ATTN:  Assistant  Deputy  Chief 

of  Staff  for  Combat  Operations 
Fort  Monroe.  VA  23651-5000 

1  Commander 
TRADOC 

ATTN:  ATAN-AP,  Mark  W.  Murray 
Fort  Monroe,  VA  23651-5143 
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1  Director 

U.S.  Army  Cold  Regions  Research  and 
Development  Laboratory 
ATTN;  Technical  Director,  Lewis  Link 
72  Lyme  Road 
Hanover,  NH  03755 

1  U.S.  Army  Corps  of  Engineers 

Assistant  Director  Research  and  Development 
Directorate 
ATTN:  Mr.  B.  Benn 
20  Massachusetts  Ave.,  NW 
Washington,  DC  20314-1000 

1  Commander 

U.S.  Army  Operational  Test  and  Evaluation 
Agency 

ATTN:  MG  Stephenson 
4501  Ford  Ave. 

Alexandria,  VA  22302-1458 

1  Commander 

U.S.  Army  Operational  Test  and  Evaluation 
Agency 

ATTN:  LTC  Gordon  Crupper 
4501  Ford  Ave.,  #870 
Alexandria,  VA  22302-1435 

1  Commander 

U.S.  Army  Vulnerability  Assessment  Laboratory 

ATTN;  SLCVA-CF,  Gil  Apodaca 

White  Sands  Missile  Range,  NM  88002-5513 

2  Director 
TRAC-WSMR 

ATTN:  ATRC-RD,  McCoy 

ATRC-WEC,  P.  Shugart 
White  Sands  Missile  Range,  NM  88002-5502 

2  U.S.  General  Accounting  Office 

Program  Evaluation  and  Methodology  Division 
ATTN:  Robert  G.  Orwin 
Joseph  Sonnefeld 
Room  5844 
441  G  Sl.,NW 
Washington,  DC  20548 


1  Director 

U.S.  Army  Model  Improvement  and  Study 
Management  Agency 
ATTN:  SFUS-MIS.  Eugene  P.  Visco 
1900  Half  Street,  SW,  Rm  LlOl 
Washington,  DC  20324 

2  Director 

U.S.  Army  Industrial  Base  Engineering  Activity 
ATTN:  AMXIB-MT 

AMXIB-PS,  Steve  McGlone 
Rock  Island,  IL  61299-7260 

3  Director 

U.S.  Army  Engineer  Waterways 
Experiment  Station 
ATTN:  WESEN, 

Dr.  V.  LaGarde 
Mr.  W.  Grabau 

WESEN-C,  Mr.  David  Meeker 
P.O.  Box  631 

Vicksburg,  MS  39180-0631 

1  U.S.  Army  Engineer  Topogr^hic  Laboratories 
ATTN:  Technical  Director,  W.  Bogc 
Fort  Bclvoir,  VA  22060-5546 

1  Commander 

Caiderock  Division 

Naval  Surface  Warfare  Center 

ATTN:  Code  1702,  Mr.  Robert  Wunderlick 

Bethesda,  MD  20084-5000 

1  Commander 

Caiderock  Division 
Naval  Surface  Warfare  Center 
ATIN:  Code  1740.2,  Mr.  F.  Fisch 
Bethesda,  MD  20084-5000 

1  Director 

Lawrence  Livermore  National  Laboratory 
ATTN:  Mark  Wilkins,  L-3321 
P.O.  Box  808 
Livermore,  CA  94551 
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3  Director 

Los  Alamos  National  Laboratory 
ATTN;  MS  985,  Dean  C.  Nelson 
MS  F6(X),  Gary  Tietgen 
MS  G787,  Terrence  Phillips 
P.O.  Box  1663 
Los  Alamos,  NM  87545 

1  Sandia  National  Laboratories 

Org.  2300 

ATTN:  Ron  Andreas,  Director 
P.O.  Box  5800 

Albuquerque,  NM  87185-5800 
1  Director 

Sandia  National  Laboratories 
Division  1611 
ATTN:  Tom  James 
Albuquerque,  NM  87185 

1  Director 

Sandia  National  Laboratories 
Division  1623 
ATTN:  Larry  Hostetler 
Albuquerque,  NM  87185 

1  Director 

Sandia  National  Laboratories 
ATTN:  Gary  W,  Richter 
P.O.  Box  969 
Livermore,  CA  94550 

1  Commander 

U.S.  Naval  Air  Systems  Command 
JTCG,  AS  Central  Office 
ATTN:  5164J.  J.  JoUey 
Washington,  DC  20361 

1  Commander 

ADR  Program  Manager 
CODE  AIR-411121 
ATTN:  Tom  Furlough 
Naval  Air  Systems  Command 
Washington,  DC  20361-4110 

1  Commander 

U.S.  Naval  Ocean  Systems  Center 
ATTN:  Earle  G.  Schweizer,  Code  000 
San  Diego,  CA  92151-5000 


1  Commander 

Dahlgren  Division 
U.S.  Naval  Surface  Warfare  Center 
ATTN:  Code  G13,  Tom  Wasmund 
Dahlgren,  VA  22448-5000 

1  Commander 

Dahlgren  Division 
U.S.  Naval  Surface  Warfare  Center 
ATTN;  Code  G102,  Glen  Hombaker 
Dahlgren,  VA  22448-5000 

1  Commander 
Dahlgren  Division 

U.S.  Naval  Surface  Warfare  Center 
ATTN:  Code  J33,  George  Williams 
Dahlgren,  VA  22448-5000 

2  Commander 

U.S.  Naval  Surface  Warfare  Center 
ATTN:  Frank  Fassnacht,  Code  N15 

Norma  D.  Holland,  Code  R-14 
10901  New  Hampshire  Ave. 

Silver  Spring,  MD  20903-5000 

1  Commander 

Naval  Surface  Warfare  Center 
ATTN:  M.JohnTimo 
10509  Edgefield  Drive 
Adelphi,  MD  20783-1130 

2  Commander 

U.S,  Naval  Weapons  Center 
ATTN:  Code  3951, 

Jay  Butterworth 
Dr.  Helen  Wang 
Bldg.  1400,  Room  B20 
China  Lake,  CA  93555 

5  Commander 

U.S.  Naval  Weapons  Center 
ATTN:  David  H.  Hall,  Code  3181 

Mark  D.  Alexander,  Code  3894 
Melvin  H.  Keith,  Code  35104 
Tim  Horton,  Code  3386 
Robert  Cox,  Code  3517 
China  Lake,  CA  93555-^1 
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1  Commander 

U.S.  Naval  Civil  Eng  Laboratories 
ATTN:  John  M.  Ferritto,  Code  L53 
Port  Hueneme,  CA  93043 

1  Naval  Postgraduate  School 

Department  of  Aeronautics  and  Astronautics 
ATTN:  Professor  Robert  E.  Ball 
Monterey,  CA  93943 

1  Naval  Postgraduate  School 

Department  of  Computer  Science 
ATTN:  Dr.  MichaelJ.  Zyda,  Code  52 
Monterey,  CA  93943-5000 

1  Commander 

Naval  Air  Systems  Command 
ATTN:  Philip  Weinberg 
JTCG/AS5 
AIR-51615 

Washington,  DC  20361-5160 

1  Commander 

II.S.  Naval  Sea  Systems  Command 
ATTN:  William  G.  Boyce,  Code  56Y52 
Washington,  DC  20362 

1  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  Granville  W.  Broome 
SEA  5011 

2521  Jefferson  Davis  Highway 
Arlington,  VA  22202 

1  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  Philip  M.  Covich 
SEA  55X 

Washington,  DC  20362-5101 

2  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  CPT  Charles  Calvano  USN 
Robert  Keane,  Jr. 

SEA  50 

Washington,  DC  20362-5101 


No.  of 

Copies  Organization 

2  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  Oliver  F.  Braxton 

Donald  Ewing,  Code  503 
2521  Jefferson  Davis  Highway 
Arlington,  VA  22202 

1  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  Anthony  F,  Johnson 
SEA05R2 

Washington,  DC  20362-5101 

1  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  CPT  William  E.  Mahew  USN 
PMS  423 

Washington,  DC  20362-5101 

1  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  Carl  H.  Pohler,  Code  05R23 
Washington,  DC  20362-5101 

1  Commander 

U.S.  Naval  Sea  Systems  Command 
ATTN:  CPT  R.  Percival  USN 
SEA05T 

2521  Jefferson  Davis  Highway 
Arlington,  VA  22202 

1  Commander 

U.S.  Space  and  Naval  Warfare  Systems 
Command 

ATTN:  Paul  Wcssel,  Code  30T 
Washington,  DC  20363-5100 

1  Office  of  Naval  Technology 

ATTN:  David  J.  Siegel 
800  N.  Quincy  Street 
Arlington,  VA  22217-5000 

1  Commander 

Eglin  Air  Force  Base 
AD/ENL 

ATTN:  Robert  L.  Stovall 
Eglin  AFB,FL  32542 
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2  Commander 
AFATL 
ATTN;  AGA, 

Lawrence  Jones 
Mickie  Phipps 
EgUnAFB.FL  32542-5434 

1  WL/MNMW  (Mr.  John  A.  ColUns) 
EgUnAFB.FL  32542 

1  Commander 
AFEWC 

ATTN:  AFEWC/SAXE.  Bod  Eddy 
KcUyAFB.TX  78243-5000 

1  Commander 
AFWAL/AARA 
ATTN:  EdZelano 
Wright-Pauerson  AFB,  OH  45433 

1  Commander 
AFWAL/FIES 

ATTN:  James  Hodges  Sr. 
Wiighl-Pattcrson  AFB,  OH  45433-6523 

2  Commander 
AFWAL/MLTC 

ATTN:  LT  Robert  Carringer 
Dave  Judson 

Wrighl-Paoerson  AFB.  OH  45433-6533 

1  Commander 
ASB/XRM 

ATTN:  Gerald  Benneu 
Martin  Lentz 

Wiight-Patterson  AFB,  OH  45433 

1  Commander 
WRDC/AARA 
ATTN:  Michael  L.  Bryant 
Wright-Patterson  AFB,  OH  45433 

1  Commander 
FTD/SDMBA 
ATTN:  Charles  Darnell 
Wiight-Patterson  AFB,  OH  45433 


1  Commander 
FTD/SDMBU 
ATTN:  Kevin  Nelson 
Wright-Patterson  AFB.  OH  45433 

1  Commander 
FTD/SQDRA 
ATTN:  Greg  Koesters 
Wright-Patterson  AFB,  OH  45433-6508 

1  Commander 
FTD 

ATTN:  Tom  Reinhardt 
Wright-Patterson  AFB,  OH  45433 

1  Commander 
FTD/SDAEA 
ATTN:  Joe  Sugrue 
Wright-Pauerson  AFB,  OH  45433 

1  Commander 
AFWAL/AARA 
ATTN:  Vincent  Velten 
Wright-Patterson  AFB,  OH  45433 

1  Commander 
FTD/SQDRA 
ATTN:  Larry  E.  Wright 
Wright-Patterson  AI=B,  OH  45433 

1  Commander 
AD/CZL 

ATTN:  James  M.  Heard 
EgUnAFB.FL  32542-5000 

1  Commander 
AD/ENYW 

ATTN:  Jim  Richardson 
EgUnAFB.FL  32542-5000 

1  Commander 

Air  Force  Armament  Laboratory 
ATTN:  AFATL/DLY,  James  B.  Flint 
EgUnAFB.FL  32542-5000 

1  Commander 

U.S.  Army  FSTC/CA3 
ATTN:  Scott  Mingledorff 
220  Seventh  Ave. 

Charlottesville,  VA  22901-5396 
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1  Commander 

U.S.  Army  FSTC  (UK) 

ATTN;  MAJ  Nigel  Williams 
220  Seventh  Ave. 

Charlouesville.  VA  22901-5396 

1  Commander 
U.S.  Amy  FSTC 
ATTN:  Dr.  Tim  Small 
220  Seventh  Ave. 

Charlottesville,  VA  22901-5396 

1  Director 

Defense  Intelligence  Agency 
ATTN:  DIW4B3.  Jay  Hagler 
Washington,  DC  20340-6763 

1  Dirctor 

U.S.  Amy  TRADOC  Analysis  Command 
ATTN:  ATRC 

White  Sands  Missile  Range,  NM  88002-5502 
1  Director 

U.S.  Amy  TRADOC  Analysis  Command 
ATTN:  ATRC-LS,  Mr.  GiecnhiU 
Fort  Lee,  VA  23801-6140 

1  Commander 

U.S.  Amy  Combined  Ams  Combat 
Development  Activity 
ATTN:  ATZL-CAI-S.  Mrs.  Durkes 
Fort  Leavenworth,  KS  66027-5300 

1  Commander 

U.S.  Amy  Combined  Ams  Training  Activity 
ATTN:  A'l'ZL-TAS-P,  MAJ  Smith 
Fort  Leavenworth,  KS  66027-7000 

1  Commandant 

U.S.  Amy  Air  Defense  Artillery  School 
ATTN:  ATSA-DTN-SY 
Fort  Bliss,  TX  79916-7090 

1  Commandant 

U.S.  Amy  Air  Defense  Artillery  School 
ATTN:  ATSA-CDC 
Fort  Bliss,  TX  79916-7090 


No.  of 

Copies  Organization 

1  Commandant 

U.S.  Amy  Amor  School 
ATTN:  ATSB-CD 
Fort  Knox,  KY  40121-5215 

1  Commandant 

U.S.  Amy  Chemical  School 
ATTN:  ATZN 

Ft.  McCleUan,  AL  30205-5020 

1  Commandant 

U.S.  Amy  Field  Artillery  School 
ATTN:  ATSF 
FortSUl,OK  73503-5600 

1  Commander 

U.S.  Amy  John  F.  Kennedy  Special  Warfare 
Center  and  School 
ATTN:  ATSU-CD 
Fort  Bragg,  NC  28307-5000 

1  Commandant 

U.S.  Amy  Ordnattce  Missile  and  Munitions 
Center  and  School 
ATTN:  ATSK-CD 
Redstone  Arsenal,  AL  35897-6500 

1  Commander 

U.S.  Amy  Signal  Center  and  Fort  Gordon 

ATTN:  ATZH-CDC 

Fort  Gordon,  GA  30905-5000 

1  Assistant  Commandant 

U.S.  Amy  Transportation  School 

ATTN:  ATSP-CDC 

Fort  Eustis,  VA  23601-5393 

1  Commander 

HQ  U.S.  Amy  Aviation  Center  and  Fort  Rucker 

ATTN:  ATZQ-CDC 

Fort  Rucker,  AL  36362-5000 

1  Commander 

HQ  U.S.  Amy  Aviation  Center  and  Fort  Rucker 
ATTN:  AT2Q-TDS-SM 
Fort  Rucker,  AL  36362-5000 
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1  Director 

U.S.  Army  Concepts  Analysis  Agency 
8120  Woodmort  Ave. 

Bcthesda,  MD  20814-2797 

2  Institute  for  Defense  Analyses  (IDA) 
ATTN:  Mr.  Irwin  A.  Kaufman 

Mr.  Arthur  0.  Kresse 
1801  N.  Beauregard  St. 

Alexandria,  VA  22311 

1  Institute  for  Defense  Analyses 

ATTN:  Carl  F.  Kossack 
1005  Athens  Way 
Sun  City,  FL  33570 

1  Institute  for  Defense  Analyses 
ATTN:  Dr.  Natarajan  Subramonian 
14309  Hollyhock  Way 
Buitonsville.  MD  20866 

2  ADPA 

ATTN:  Donna  R.  Alexander 
BiUKing 

Two  Colonial  Place,  Suite  400 
2101  WUson  Blvd. 

Arlington,  VA  22201-3061 

1  ARC  Professional  Services  Group 

ATTN:  Arnold  R.  Giitzke 
5501  Backlick  Road 
Springfield,  VA  22151 

2  Aero  Corporation 
ATTN:  David  S.  Ecclcs 

Gregg  Snyder 
P.O.  Box  92957,  M4/913 
Los  Angeles,  CA  90009 

1  AFELM,  The  Rand  Corporation 
ATTN:  Library-D 

nOO  Main  Sl 

Santa  Monica,  CA  90406 

2  Air  Force  Wright  Aeronautical  Labs 

ATTN:  CDJ, 

CPT  lost 
Joseph  Faison 

Wright-Patterson  AFB,  OH  45433-6523 


1  AlUant  Techsystems,  Inc. 

ATTN:  Hatem  Nasr 
Systems  and  Research  Center 
3660  Technology  Drive 
P.O.  Box  1361 
Minneapolis,  MN  S5418 

2  Alliant  Techsystems,  Inc. 

ATTN:  Raymond  H.  Burg 

Laura  C.  Dillway 
MN38-4000 

10400  Yellow  Circle  Drive 
Minnetonka,  MN  55343 

1  Analysis  and  Technology 

ATTN:  RADM  Thomas  M.  Hopkins  USN  (Ret) 
1113  Carper  St. 

McLean.  VA  22101 

1  Armored  Vehicle  Technologies 
ATTN:  Coda  M.  Edwards 
P.O.  Box  2057 
Warren,  MI  48090 

1  ASI  Systems,  International 

ATTN:  Dr.  Michael  Stamatelatos 
3319  Lone  Jack  Road 
Encinitas,  CA  92024 

1  Battelle  Research  Laboratory 

ATTN:  TACTEC  Library,  J.  N.  Huggins 
505  King  Ave. 

Columbus,  OH  43201-2693 

1  Battelle  Research  Laboratory 

Defense  and  Space  Systems  Analysis 
ATTN:  Dr.  Richard  K.  Thatcher 
505  King  Ave. 

Columbus,  OH  43201-2693 

1  Battelle  Research  Laboratory 

ATTN:  Bernard  J.  Tullington 
1300  N.  17th  St.,  Suite  1520 
Arlington,  VA  22209 

1  Battelle 

Edgewood  Operations 
ATTN:  Roy  Golly 
2113  Emmorton  Park  Road 
Edgewood,  MD  21040 
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1  The  BDM  Corporation 
ATTN;  Edwin  J.  Doichak 
79 IS  Jones  Branch  Drive 
McLean.  VA  22102-3396 

1  Bell  Helicopter,  Textron 

ATTN:  Jack  R.  Johr  son 
P.O.  Box  482 
Fort  Worth.  TX  76101 

3  BMY,  Division  of  Harsco 

ATTN:  William  J.  Wagner,  Jr. 

Ronald  W.  Jenkins 
Ed  Magalski 
P.O.  Box  1512 
York,  PA  17404 

1  Board  on  Army  Science  and  Technology 

National  Research  Council 
Room  MH  280 
2101  Constitution  Ave.,  NW 
Washington,  DC  20418 

1  Boeing  Aerospace 

ATTN:  Dr.  Robert  Chiavetta 
MS  8K17 
P.O.  Box  3999 
Seatae.WA  98124-2499 

1  Boeing  Military  Airplanes 

ATTN:  MS  K80-08,  Jerry  White 
P.O.  Box  7730 
Wichita,  KS  67277-7730 

1  Booz-Allen  and  Hamilton,  Inc. 

ATTN:  Dr.  Richard  B.  Benjamin 
Suite  131,  4141  Colonel  Glenn  Highway 
Dayton,  OH  45431 

2  Booz-Allen  and  Hamilton,  Inc. 

ATTN:  John  M.  Vice 
WRDC/nVS/SURVIAC 
Bldg  45.  Area  B 

Wrighl-Patterson  AFB,  OH  45433-6553 

1  John  Brown  Associates 

ATTN:  Dr.  John  A.  Brown 
P.O.  Box  145 

Berkeley  Heights,  NJ  07922-0145 


No.  of 
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1  Chamberlain 

ATTN:  Mark  A.  Sackett 
P.O.  Box  2545 
Waterloo,  lA  50704 

1  Commander 

Combined  Arms  Combat  Development 
ATTN:  ATZL-CAP,  LTC  Morrison 
Director,  Surv  Task  Force 
Fort  Leavenworth,  KS  66027-5300 

1  Commander 

Combined  Arms  Combat  E>evelopment 
ATTN:  ATZL-HFM,  Dwain  Skeltoi. 

Fort  Leavenworth,  KS  66027-5300 

1  Computer  Sciences  Corporation 
Integrated  Systems  Division 
ATTN:  Abner  W.  Lee 
9668  Highway  20  West,  Suite  1 
Madison,  AL  35758 

1  CRS  Sinine,  Inc. 

ATTN:  Dr.  James  C.  Smith 
P.O.  Box  22427 
1177  West  Loop  South 
Houston,  TX  77227 

2  Cypress  International 
ATTN:  August  J.  Caponeechi 

James  Logan 
1201  E.  Abingdon  Drive 
Alexandria,  VA  22314 

1  Commander 

Naval  Sunace  Warfare  Center 

ATTN:  UERD,  Code  177,  Robert  E.  Fuss 

Portsmouth,  VA  23709-5000 

1  Commander 

Carderock  Division 

Naval  Surface  Warfare  Center 

ATTN:  Code  1210,  Seymour  N.  Goldstein 

Bethesda,  MD  20084-5000 

1  Commander 

U.S.  Army  Nuclear  a  d  Chemical  Command 
ATTN:  MONA-CM,  J.  Walters 
7500  Backlick  Rd..  Bldg  5073 
Springfield,  VA  22150-3198 
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Copies  Organization 

1  Defense  Nuclear  Agency 
Structural  Dynamics  Section 
ATTN:  Tom  Tsai 
Washington,  DC  20305 

1  Denver  Research  Institute 

BW  228 

ATTN;  Lawrence  G.  Ullyaa 
2050  E.  lliff  Avc. 

Denver.  CO  80208 

1  Eichelberger  Consulting  Company 

ATTN:  Dr.  Robert  Eichelberger,  President 
409  West  Catherine  Sl 
Bel  Air.  MD  21014 

1  Electronic  Warfare  Associates,  Inc. 

ATTN;  William  V.  Chiaramonte 
2071  Chain  Bridge  Road 
Vienna,  VA  22180 

1  Emprise,  Ltd 

ATTN;  Bradshaw  Armendt,  Jr. 

201  Crafton  Road 
Bel  Air.  MD  21014 

1  Environmental  Research  Institute  of  Michigan 

ATTN:  Mr,  K,  Augustyn 
P  O.  Box  134001 
Ann  Arbor,  MI  48113-4001 

1  E-OIR  Measurements,  Inc. 

ATTN;  Russ  Moulton 
P.O.  Box  3348,  College  Station 
Fredericksburg.  VA  22402 

1  ERIM 

ATTN;  Stepheii  R.  Stewart 
Exploiution  Applications  Department 
Image  Processing  Systems  Division 
P.O.  Box  8618 
Ann  Arbor,  MI  48107-8618 

1  USA  ETL/lAG 

ATTN:  Jim  Campbell 
Bldg.  2592,  Room  S16 
Fort  Belvoir,  VA  22060-5546 


No.  of 

Copies  Organization 

1  FMC  Corporation 
ATTN:  Sidney  Kraus 
1105  Coleman  Ave.,  Box  1201 
San  Jose.  CA  95108 

1  FMC  Corporation 

ATTN:  Ronald  S.  Beck 
881  Martin  Ave. 

Santa  Clara,  CA  95052 

1  BDM  International 

ATTN:  Mr.  Steve  Church,  FX2B307 
7915  Jones  Branch  Drive 
McLean,  VA  22102-3396 

1  BDM  International 

ATTN:  Mr.  Tom  Hooker,  FF2B304 
7915  Jones  Branch  Drive 
McLean,  VA  22102-3396 

1  FMC  Corporation 

Naval  Systems  Division  (NSD) 
ATTN;  MK-45,  Randall  Ellis 
4800  East  River  Road 
Minneapolis,  MN  55421-1498 

1  FMC  Corporation 
Northern  Ordnance  Division 
ATTN:  M3-11,  Barry  Brown 
4800  East  River  Road 
Minneapolis,  MN  55421-1498 

2  FMC  Corporation 
Ordnance  Engineering  Division 
ATTN:  H.  Croft 

M.  Hatcher 

1105  Coleman  Ave.,  Box  1201 
San  Jose,  CA  95108 

1  GE  Aircraft  Engines 

ATTN:  Dr.  Roger  B.  Dunn 
One  Neumann  Way,  MD  J185 
Cincinnati.  OH  45215-6301 

1  General  Dynamics  Land  Systems 
ATTN:  MZ-4362055,  Gary  Jackman 
P.O.  Box  2074 
Warren,  MI  48317 
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Organization 

General  Dynamics  Corporation 
ATTN:  MZ-2650,  Dave  Bergman 
P.O.  Box  748 

Fort  Worth.  TX  76101-0748 

General  Motors  Corporation 
Research  Laboratories 
ATTN:  J.  Boyse 
Warren,  MI  48090 

Allison  Gas  Turbine  Division 

General  Motors  Corporation 

ATTN:  John  A.  MacBain,  Ph.D.,  Supervisor 

Low  Observables  Technology 

P.O.  Box  420,  Speed  Code  W-16 

Indianapolis,  IN  46206-0420 

California  Institute  of  Technology 
Jet  Propulsion  Laboratory 
ATTN:  D.  Lewis 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 

Kaman  Sciences  Corporadon 
ATTN;  Timothy  S.  Pendergrass 
600  Boulevard  South,  Suite  208 
HuntsvUle,  AL  35802 

Ketron,  Inc. 

ATTN:  Roben  S.  Bennett 

901  Dulaney  Valley  Road,  Suite  220 

Baltimore,  MD  21204-2600 

Logistics  Management  Institute 
ATTN:  Edward  D.  Simms  Jr. 

6400  Goldsboro  Road 
Bethesda.MD  20817-5886 

Martin  Marietta  Aerospace 
ATTN:  MP-113,  Dan  Dorfman 
P.O.  Box  555837 
Orlando.  FL  32855-5837 

McDonnell  Douglas  Astronaudc 
ATTN;  Nikolai  A.  Louie 
5301  Bolsa  Ave. 

Huntington  Beach,  CA  92647 


No.  of 

Conies  Organization 

1  McDonnell  Douglas,  Inc. 

ATTN:  David  Hamilton 
P.O.  Box  516 
St  Louis,  MO  63166 

1  McDonnell  Douglas,  Inc. 

ATTN:  Alan  R.  Parker 
3855  Lakewood  Blvd.,  MC  35-18 
Long  Beach,  CA  90846 

1  NFK  Engineering,  Inc. 

ATTN:  Dr.  Michael  P.  Pakstys 
4200  Wilson  Blvd. 

Arlington,  VA  22203-1800 

1  NAS  A- Ames  Research  Center 

ATTN:  Dr.  Alex  Woo 
MS  227-2 

Moffett  Field.  CA  94035-1000 

1  NASA-Ames  Research  Center 
ATTN:  Leroy  Presley 
MS  2274 

Moffeu  Field.  CA  94035-1000 

1  NAVIR  DEVCON 

ATTN:  Frank  Wenograd,  Code  6043 
Walminstor,  PA  18974 

1  Oklahoma  State  University 

College  of  Engineering,  Architecture 
and  Technology 

ATTN:  Thomas  M.  Browder,  Jr. 

P.O.  Box  1925 
EglinAFB.FL  32542 

1  Rome  Air  Development  Center 

ATTN:  RaDC/IRRE,  Peter  J.  Costianes 
Griffis  Air  Force  Base,  NY  13441-5700 

1  Rome  Air  Development  Center 
RADC/OCTM 

ATTN:  Edward  Starezewski 
Building  106 

Griffis  Air  Force  Base,  NY  13441-5700 
1  SAIC 

ATTN:  Dr,  Alan  J.  Toepfer 
2301  Yale  Blvd.,  SE 
Albuquerque,  NM  87106 
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Conies  Organization 

1  SAIC 

ATTN:  Tcny  Keller 
Suite  200 

1010  Woodman  Drive 
Dayton,  OH  45432 

1  George  Sharp  Company 

ATTN;  Dennis  M.  McCarley 
2121  Crystal  Drive 
Suite  714 

Arlington,  VA  22202 

1  Sidwell-Ross  and  Associates,  Inc. 

ATTN:  LTG  Marion  C.  Ross,  (USA  Ret) 
Executive  Vice  President 
F.O.  Box  88531 
Atlanta,  GA  30338 

1  Sigma  Reseaicii,  Inc. 

ATTN:  Dr.  Richard  Bossi 
4014  Hampton  Way 
KenuWA  98032 

1  Southwest  Research  Institute 

ATTN:  Martin  Goland 
P.O.  Drawer  28255 
San  Antonio,  TX  78228-0255 

1  Sparta,  Inc. 

ATTN:  David  M.  McKinley 
4901  Corporate  Drive 
HuntsvUle,AL  35805-6201 

1  SRI  International 

ATTN:  Donald  R.  Curran 
333  Ravenswood  Ave. 

Menlo  Park,  CA  94025 

1  Star  Laboratory,  Stanford  University 

Electrical  Engineering  Department 
ATTN;  Dr.  Joseph  W.  Goodman 
233  Durand  Building 
Stanford,  CA  94305-4055 

1  TASC 

ATTN:  Richard  E.  Kinsler 
1992  Lewis  Turner  Boulevard 
Fort  Walton  Beach,  FL  32548-1255 


No.  of 

Copies  Organization 
1  TASC 

ATTN:  COL  James  Logan  (Ret) 

1101  Wilson  Blvd. 

Suite  15(X) 

Arlington,  VA  22209 

1  Teledyne  Brown  Engineering 
ATTN:  John  W.  Wolfsberger,  Jr. 
Cummings  Research  Park 
300  Sparkman  Drive,  NW 
P.O.  Box  070007 
Huntsville.  AL  35807-7007 

1  United  Technologies  Corporation 
Advanced  Systems  Division 
ATTN:  Richard  J.  Holman 
P.O.  Box  109600 

West  Palm  Beach,  FL  33410-9600 

1  The  Johns  Hopkins  University 
Applied  Physics  Laboratory 
AITN:  Jonathan  Fluss 
Johns  Hopkins  Road 
Laurel.  MD  20707 

1  LTV  Missiles  and  Electronics  Group 
ATTN;  Roger  W.Melin 
P.O.  Box  650003 
MS  EM-36 

Dallas.  TX  75265-0003 

1  Wackenhut  Applied  Technologies  Center 
ATTN:  Robm  D.  Carpenter 
10530  Rosehaven  St 
Suite  500 

Fairfax,  VA  22030-2877 

1  Westinghouse 

ATTN:  Harvey  Kloehn 
Box  1693 
MS  8530 

Baltimore,  MD  21203 
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4  SURVICE  Engineering 

ATTN:  Jim  Foulk 

George  Large 
Glenn  Gillis 
Kris  Keller 
Suite  103 

1003  Old  Philadelphia  Road 
Aberdeen,  MD  21001 

1  Georgia  Institute  of  Technology 

ATTN;  Dr.  Richard  Moore 
ECSL/EME 

ERB  Building,  Room  111 
Atlanta,  GA  30332 

1  Georgia  Institute  of  Technology 

ATTN:  Dr.  L.G.  Callahan,  Jr. 

School  of  Industrial  &  Systems  Engineering 
765  Ferst  Drive 
Atlanta,  GA  30332-038S 

1  Mr.  Abraham  Golub, 

DA  Consultant 

203  Yoakum  Parkway.  Apt.  607 
Alexandria,  VA  22304 

1  Mr.  Dave  Hardison, 

ASB  Consultant 
3807  Bent  Branch  Road 
Falls  Church.  VA  22041 

1  Mr.  William  M.  Hubbard, 

ASB  Consultant 
613  Eastlake  Drive 
Columbia,  MO  65203 

1  Mr.  Charles  E.  Joachim, 

DA  Consultant 
P.O.  Box  631 
Vicksburg,  MS  39180 

1  Dr.  Edward  R.  Jones, 

DA  Consultant 
9881  WUd  Deer  Road 
St,  Louis,  MO  63124 

1  MG  Robert  Kirwan  (USA  Ret), 

DA  Consultant 
10213  Grovewood  Way 
Fairfax,  VA  22032 


No.  of 

Copies  Organization 

1  Dir,  TEXCOM  FSTP 

ATTN:  STE-TFS-Z,  Donald  J.  Krejcarek 
Ft.  Sill.  OK  73503-6100 

1  Mr.  Robert  B.  Kurtz, 

DA  Consultant 
542  Merwins  Lane 
Fairfield,  CT  06430-1920 

1  LTGEN  Howard  W.  Leaf 
USAF  (Retired) 

8504  Brook  Road 
McLean.  VA  22101 

1  Dr.  Roy  A.  Lucht 
Group  M-B,  MS-J960 
Los  Alamos,  NM  87545 

1  Mr.  Donald  F.  Menne, 

DA  Consultant 
617  Foxcroft  Drive 
Bel  Air.  MD  21014 

1  Mr.  Richard  C.  Messinger 

Vice  President  and  Chief  Technical 
Officer 

Cinciiuiati  Mailacron,  Inc. 

Cincinnati.  OH  45209 

1  GEN  Glenn  OUs  USA  (Ret) 

Coleman  Research  Corporation 
5950  Lakchurst  Dr. 

Orlando,  FL  32819 

1  MG  Peter  G.  Olenchuk  (USA  Ret), 

BAST  Consultant 
6801  Baron  Road 
McLean.  VA  22101 

1  Mr.  Albert  E.  Papazoni, 

DA  Consultant 
1600  Surrey  Hill  Drive 
Austin,  TX  78746-7338 

1  Harry  Reed,  Sr., 

Battelle  Consultant 
138  Edmund  St. 

Aberdeen,  MD  21001 
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1  Dr.  A£.  Schmidlin, 

DA  Consultant 
28  Highview  Road 
CaldweU,NJ  07006-5502 

1  Mr.  Robert  G.S.  Sewell 

1236  Ml  Whitney  lane 
Ridgecrest,  CA  93555 

1  MEMEX,  Inc. 

ATTN:  Mr.  Charles  S.  Smith 
550  California  Ave.,  #210 
Palo  Alto,  CA  94306 

1  Mr.  Arthur  Stein, 

BAST  Consultant 
30  Chapel  Woods  Court 
WilUarnsvme.  NY  14221-1816 

1  Dr.  Dora  Strother, 

ASB  Consultant 
3616  Landy  Lane 
Fort  Worth,  TX  76118 

1  Mr.  Charles  F.  Tiffany 

9  Westerly  Lane 
CenterviUe,  OH  45458 


No.  of 

Conies  Organization 

Aberdeen  Proving  Ground 

12  Dir.  USAMSAA 

ATTN:  AMXSY-A,  W,  CUfford 
AMXSY-C,  A.  Reid 
AMXSY-CR,  M.  MiUcr 
AMX  .  -CS,  P.  Beavers 
AMJ.SY-G, 

J.  Kramar 
G.  Comstock 
AMXSY-GA,  W.  Brooks 
AMXSY-J.  A.  LaGrange 
AMXSY-L,  J.  McCarthy 
AMXSY-RA,  R.  Scungio 

5  Cdr,  USATECOM 
ATTN:  AMSTE-CG 

AMSTE-TA-L, 

A.  Yankolonis 
N.  Harrington 
S.  Grill 

AMSTE-TC-C,  R.  Cozby 

1  Cdr,  CBDA 

ATTN:  SCBRD-RTC,  P.  Grasso 

4  Cdr,  USAOC&S 
ATIN:  ATSL-DES 

ATSL-DTD-CM 
ATSL-CD-TE 
ATSL-CD-BDAR  (Hoy) 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 

This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your 
comments/answers  to  the  items/questions  below  will  aid  us  in  our  efforts. 

1 .  ARL  Report  Number  ARL-TR-296 _ Date  of  Report  October  19BI3 _ 

2.  Date  Report  Received _ _ _ _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for 
which  the  report  will  be  used.) 


4.  Specifically,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of 
ideas,  etc.) _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dollars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correction,  please  provide  the  Current  or  Correct  address 
above  and  the  Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O,  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


Department  of  the  army 


OFHCIAL  BUSINESS 


BUSINESS  REPLY  MAIL 
msi  cuss  KawT »»  oimi.  aw,  md 

Posiag*  will  6«  oaid  6y  a<lt3f*ssee 


Director 

U.S.  Army  Research  Laboratory 
ATTN;  AMSRL-OP-CI-B  (Tech  Lib) 
Aberdeen  Proving  Ground,  MD  21005-5066 


NO  POSTAGc 
NECESSAAV 

IP  mailed 

IN  THE 

UNITED  STATES 


